Highly selective ligands for group 13 metal ions (A13+, Ga3+ and In3+) have been successfully designed taking into consideration the bite size (0-0 distance in the chelate ring) and the interligand contact in the complex. The complexation of A13+ was found to be under the effect of the interligand contact and that of In 3+ the bite size. The appropriate substituents were introduced to B-diketone type ligands to control the bite size and the volume of the ligand.
B-Diketones have been proven to be versatile ligands for various metal ions. A large number of studies have been done as chelating reagents, especially in the field of solvent extraction of metal ions for the purpose of separation and concentration.1-3 Much attention has also been paid to the structural chemistry of B-diketones involving keto-enol tautomerism and the intramolecular hydrogen bond.4,5 However, a systematic study on the correlation between the structure of B-diketones and their selectivity for metal ions seems to be insufficient.
Studies on the solvent extraction of metal ions with acylpyrazolones6.7 and acylisoxazolones, 8 which are structurally analogous to B-diketones derived from 5-membered heterocyclic compounds, revealed that the improved extraction with strongly acidic extractants is usually accompanied by poor selectivity. These ligands were found to have longer distances between the two donating oxygens as compared to the conventional B-diketones, such as AA and 4,4,4-trifluoro-l-(2-thienyl)-1,3-butanedione (thenoyltrifluoroacetone, TTA), according to the estimation by molecular orbital calculations. These facts prompted us to consider that the 0-0 distance plays an important role in complexing metal ions. Recently, on studying the extraction of lanthanides using 2-trifluoroacetylcycloalkanones9 and acylpyrazolones having bulky substituents at the 4-position,10 it has been found that the separability of l anthanides was clearly improved with those ligands having the shorter 0-0 distance. It could be concluded that the 0-0 distance is one of the most significant factors that govern selectivity in the complexation of B-diketones with lanthanides. If the structure of B-diketone could be suitably modified in the way fitting the geometry of its ring skeleton introducing bulky groups at suitable positions for creating a steric effect, the 0-0 distance could be intentionally controlled, and consequently the extractability and/or the separability could be improved. Besides lanthanide ions with ionic radii very similar to each other, we now expand our research to the metal ions of group 13 with elements of large difference in the ionic radii in an attempt to investigate how the 0-0 distance and other factors in the structure of Bdiketones would affect their complexation reactions.11
In the present paper, the selectivity of modified B-diketones for A13+ (r = 0.53 A for a coordination number of 6), Ga3+ (r = 0.62 A) and In3+ (r = 0.80 A)12 has been examined via the solvent extraction method, and the stability of A13+, Ga3+ and 1n3+ B_ diketonates has been discussed based on the structures of the ligands and their metal complexes. Acid Dissociation Constants (pK) a
The pH measurements for determining pKa of AA, BA, PhAA and PhBA were made in aqueous dioxane, so the reading of the pH meter was calibrated. In this work, the pH measurements were carried out at 25 °C with an ionic strength of 0.1 (tetramethylammonium perchlorate) in 25:75 v/v of water-dioxane, and the pH reading correction proposed by Irving and Mannotls has been adopted. The pKa values of the acylpyrazolones were obtained by analyzing the distribution of the ligand between the benzene phase and the 0.1 M sodium perchlorate aqueous phase.19
Solvent Extraction Procedure
A 10 cm3 aliquot of an aqueous phase containing 1x10-4 mol dm-3 of metal ion, 0.1 mol dm-3 sodium perchlorate and 0.01 mol dm-3 sodium acetate as buffering component was adjusted to the desired pH with hydrochloric acid or sodium hydroxide solution. The aqueous phase was shaken with an equal volume of benzene containing the required amount of ligand in a 30 cm3 centrifuge tube at 25 °C until the reaction reached to the equilibrium. After centrifugation, the pH of the aqueous phase was measured and taken as the equilibrium value. The metal concentration in the aqueous phase was determined by inductively coupled plasma atomic emission spectrometry. That in the organic phase was measured in the same way after back-extraction by stripping with hydrochloric acid solution. The sum of the metal concentrations in the two phases agrees well with the initial concentration. In addition, the facts that the enolic proton signals correspond to one proton and there were observed no methyne protons for PhAA and PhBA indicate that both PhAA and PhBA exist quantitatively in the enol form in CDCl3. It has been reported that the presence of an a-substituent usually favors the keto tautomer, 4 and our previous results14 are in agreement with this tendency. The results obtained here agree with the reports2o,21 demonstrating that the a-aryl group markedly increases the enol content unlike other asubstituents such as the methyl or bromo groups.
Equilibrium Analysis
The complexations of the two extractants PhAA and PhBA with A13+ and In 3+, compared to those of AA and BA, have been investigated via the solvent extraction method. The extraction behaviors significantly changed through the introduction of a phenyl group to the a-position. The solvent extractions of A13+ and In3+ from a 0.1 mol dm-3 sodium perchlorate aqueous phase to a 0.1 mol dm-3 PhAA benzene phase are shown in Fig. 1 . Almost 100% of A13+ is extracted around pH 4.6 with PhAA, while In 3+ is totally unextracted below pH 5. A similar result was also obtained for PhBA.
To clarify the composition of the extracted species, the effects of pH and log is not extracted at all with PhAA and PhBA, while A13+ is extracted with the smaller extraction constants compared to those for AA and BA. Considering that the substituents at the a-position of the B-diketones should be essentially independent of their complexation with the metal ions, the present results are surprising.
An X-ray crystallographic consideration of Al and In B-diketonates was made to confirm the role of the substituent at the a-position. The 0-0 distances of the B-diketones in A1(AA) 3,22 In(AA)3 23 and In(TTA) 24 were reported to be 2.726, 2.905 and 2.905 respectively. A survey of X-ray data of Al and In B-diketonates shows that the 0-0 distances in Al B-diketonates are among the shortest ones, while those in In B-diketonates are among the longest ones. According to MNDO/H calculations, the 0-0 distances in the anionic form of PhAA and PhBA are 2.83 and 2.84 A, while those for AA and BA are 3.09 and 3.10 A. The non-extractability of In3+ with PhAA and PhBA could be ascribed to the phenyl group at the a-position which prevents the 0-0 separation of the anionic form from broadening to fit to the desired configuration in the In complex owing to the steric repulsion between the a-phenyl group and the terminal groups.
Interligand Contact in Al and In Ji-diketonates
The intracomplex interligand contacts should have great influence on the stability of Al Bdiketonates, which could be deduced from the extraction order of A13+ and In3+ with Bdiketones. 13 In general, the organic ligands including B-diketones form more stable complexes with metal ions having smaller ionic radii when their valency is the same. Consequently, the extraction constants for the smaller metal ions are usually higher than those for the larger ones. However, in the extraction of A13+ and In3+, the reverse in the extraction order is frequently seen depending on the bulkiness of the ligands. A13+ is extracted better than In3+ with AA and BA. In the case of bulky B-diketones, such as DBM and TTA, the steric crowding of the ligands around Al3+ greatly destabilizes complexation because of its very small ionic radius, while this is not so serious in the case of In3+. As a result, In 3+ is better extracted than A13+ with these bulky B-diketones. It should be noted here that the 0-0 distances of AA, BA, TTA and DBM are similar to each other according to the molecular orbital calculations.
Although Al3+ is completely isolated from 1n3+ by PhAA and PhBA, the extractions were disturbed compared to those for AA and BA, i.e., the distribution curves log D vs. pH of A13+ for PhAA and PhBA shifted more to the alkaline region than those of AA and BA. The poor extractions of A13+ with PhAA and PhBA are partly ascribed to the lower acidity, though this is not so important because the differences of the pKa values are very small. It could be also attributed to the interligand contact in the Al complex. The steric crowding of the ligands is enhanced by the a-phenyl group which disturbs the free rotation of the terminal methyl or phenyl groups. The free rotation is expected to diminish the interligand contact.
Simultaneous Effects of the Bite Size and the Interligand Contact
Finally, the effects of the 0-0 distance and the interligand contact on the solvent extraction of A13+ and 1n3+ have been confirmed again using TAA, BFA and MBFA. A13+ was better extracted than 1n3+ with TAA; the 0-0 distance of TAA is 2.50 A according to MNDO/H, and no significant interligand contact seems to take place among the terminal methyl and trifluoromethyl groups. When the methyl group is replaced by the bulky phenyl group to obtain BFA, its 0-0 distance (2.52 A) and pKa are still similar to those of TAA. The extraction of A13+ with BFA shifted to the alkaline region, while that of 1n3+ scarcely changed. It can be concluded that the reduced extraction was brought about by the interligand contact which does not work for In3+. When a methyl group was introduced to the a-position of BFA to obtain its derivative MBFA, the 0-0 distance and pKa are reduced.14 Because of the lower acidity and the enhanced interligand contact caused by the amethyl group as in the case of PhAA and PhBA, the extraction of A13+ decreased; however, the influence of the narrowed 0-0 distance is markedly seen for the In3+ extraction. The extraction of In 3+ drastically decreased, consequently, A13+ was extracted much better than In3+ resulting in a facilitated separation. Owing to their long 0-0 distances, the extraction of In3+ was not disturbed and was made at pH 1-2. The extraction of A13+ was seen in the higher pH region, although the ionic radius of A13+ is much smaller than that of 1n3+. Considering that the acylpyrazolones themselves are bulky ligands and their acidities are quite similar, it is clear that the extraction of A13+ is under the effect of the interligand contact. As seen in Fig. 2 [acylpyrazolone]o = 5x10-3 mol dm-3 in benzene.
[NaC104] = 0.1 mol dm-3.
